UNCLASSIFIED 


AD  NUMBER 


AD  87  7  808 


NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  DoD  only; 
Specific  Authority;  Nov  70.  Other  requests 
shall  be  referred  to  ONR,  Code  468, 
Washington,  DC  20368. 


AUTHORITY 


ONR  ltr  dtd  29  Aug  73 


THIS  PAGE  IS  UNCLASSIFIED 


Ffrznn&ozt- 


PANAMETRICS 

A  Subsidiary  of  tster  line  Corporation  •  ??  1  Crescent  Street  •  Waltham,  Massachusetts  0X154  •  (0 1  / )  840  /  /  1 4 


ESTERLINE 


Measurement  of  Elastic  Moduli 
of  Materials  at  Elevated 
Temperature 


Progress  Report  for  the  32nd  Quarterly 
Period  Ending  November  15,  1970 


Performed  for 

Office  of  Naval  Research 
under 

Contract  N0014-7 l-C-0050 


Prepared  by 

E,  P,  Papadakis 
K.  A.  Fowler 
L.  C.  Lynnworth 


"Each  transmittal  of  this  document  outside  of  the  Department  of  Defense 
must  have  prior  approval  of  the  Office  of  Naval  Research, " 


I. 


BACKGROUND 


This  work  was  supported  by  the  Office  of  Naval  Research  under 
Contract  N00 14-7 l-C-0050. 

II.  DISCUSSION 

The  work  reported  here  is  in  two  categories,  (1)  a  continuation 
of  the  research  conducted  to  date,  and  (2)  the  initiation  of  work  on  two 
new  but  related  subjects  as  enumerated  in  the  terms  of  the  contract 
which  commenced  August  16,  1970.  Both  theoretical  and  experimental 
work  has  been  undertaken.  New  equipment  has  been  built,  and  still  more 
is  under  construction.  A  list  of  the  projects  undertaken  follows. 

A.  Modulus  in  Refractory  Metals  at  Elevated  Temperatures 

Young' s  modulus  has  been  measured  in  wires  of  rhenium, 
tungsten-25%  rhenium  alloy,  and  rhodium-50%  iridium  alloy  at  tem¬ 
peratures  up  to  2250C  (2000C  for  the  Rh-50  Ir). 

B.  Attenuation  in  Refractory  Metals  at  Elevated  Temperatures 

The  attenuation  of  extensional  waves  at  about  160  kHz  has  been 
measured  in  the  above  wires  during  several  heating  and  cooling  cycles. 
Rhenium  is  being  studied  extensively. 

C.  Ferrite  Stub  Fixture 

A  fixture  has  been  designed  and  built  to  permit  magnetostrictive 
wire  transducers  to  operate  at  frequencies  approaching  500  kHz.  The 
fixture  limits  the  bringing  field  from  the  coil  to  a  short  region  within 
the  wire,  defining  a  half -wavelength  region  at  the  end  of  a  long  wire. 

D.  Momentary  Contact  High- Temperature  Attenuation 
Measurement  Equipment 

Buffer  rods  and  transducers  are  being  prepared  for  both  longi¬ 
tudinal  and  shear  wave  measurements  on  steel  and  other  materials  in 
a  muffle  tube  vacuum  furnace  by  the  momentary  contact  method.  Pre¬ 
liminary  measurements  indicate  that  the  method  will  yield  useful  new 
data. 


E.  Broadband  Transducer  Studies 


The  pressure  and  phase  profiles  in  the  field  of  broadband  trans¬ 
ducers  have  been  calculated  from  the  theory  of  piston  radiators.  Several 
applications  utilizing  the  bandwidth  of  such  transducers  have  been 
demonstrated. 

F.  Focused  Transducer  Studies 


The  study  of  focused  transducers  has  commenced  on  the  experi¬ 
mental  level  to  verify  theories  and  develop  applications. 

G.  Flexural  Modulus  and  Decrement  Device  for  Measuring 
Plastics 


A  resonant  device  for  low-frequency  flexural  testing  analogous  to 
the  torsion  pendulum  for  torsional  testing  has  been  investigated  theoret¬ 
ically.  A  preliminary  model  is  being  constructed  to  test  specimens  of 
the  same  geometry  as  the  standard  ASTM  tensile  specimens. 

H.  PulBe-Echp-Qverlap  System  for  Ultrasonic  Travel  Time 

An  apparatus  for  measuring  the  travel  time  (delay)  of  ultrasonic 
waves  in  specimens  by  the  pulse-echo-overlap  method  has  been  con¬ 
structed  from  equipment  currently  available.  The  ultimate  accuracy  of 
the  system  can  approach  5  ppm,  and  improvements  will  be  made  to  try 
to  achieve  this  goal. 

X.  Computer  Programming 

A  program  written  at  the  NASA- Lewis  Research  Center  for  the 
computer-plotting  of  graphs  from  computer-generated  tables  of  results 
has  been  adapted  for  use  in  plotting  quantities  such  as  modulus  versus 
temperature  derived  from  input  data  such  as  length,  density,  thermal 
expansion,  and  ultrasonic  delay  time  versus  temperature.  The  program 
will  be  extended  to  cover  attenuation  versus  temperature  in  the  future. 
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in.  DETAILS  OF  NEW  WORK 
A.  Modulus  in  Refractory  Metals 

Young1  s  modulus  has  been  computed  from  ultrasonic  extensional 
wave  travel  time  measurements  in  several  refractory  metal  wireB  by 
the  formulas 


2L/te 

(1) 

2 

(2) 

P  Ve 

where  L  is  specimen  length,  te  is  round  trip  travel  time  of  extensional 
waves,  ve  is  extensional  wave  velocity,  p  is  density,  and  Y  is  Young1  s 
modulus.  The  travel  times  te  were  measured  as  a  function  of  tempera¬ 
ture  at  the  thermocouple  calibration  facility  of  Englehard  Industries  in 
Newark,  New  Jersey,  by  means  of  a  Panatherm'-^  5010  instrument. 
Specimens  were  fabricated  and  pretested  at  Panametrics  from  wire  sup¬ 
plied  by  Englehard.  The  wire  configuration  was  as  follows:  A  remendur 
magnetostrictive  stub  l/2  inch  long,  a  tungsten  lead-in  wire  16  inches 
long,  and  a  specimen  2  inches  long.  The  temperature  in  the  furnace  was 
determined  by  an  L  &  N  optical  pyrometer. 

Corrections  for  thermal  expansion  were  applied  in  the  calculations 
to  arrive  at  values  of  length  L  and  density  p  as  functions  of  temperature. 
The  corrections  were  known  accurately^  for  rhenium  and  vV-25%  Re, 
and  were  approximated  by  interpolation  from  tabulated  data^^  for  Ir-50% 
Rh.  A  computer  program  was  written  to  calculate  Y  and  plot  Y  versus 
temperature  automatically.  (See  Section  I, ) 

Results  of  Y  versus  temperature  are  given  in  Figs.  1  through  4 
for  Re,  W-25%  Re  (2  samples),  and  Ir-50%  Rh.  The  points  represent 
several  cycles  from  room  temperature  to  the  maximum  temperature  in 
Figs.  1  through  3.  In  all  cases  the  specimens  were  annealed  at  2000C 
for  l/2  hour  and  brought  to  room  temperature  before  the  measurements 
were  initiated.  No  significant  hysteresis  in  modulus  was  observed. 

These  curves  follow  the  general  trend  of  modulus  versus  temperature 
in  metals. 
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D .  Attenuation  in  Refractory  Metals  at  Elevated  Temperatures 


During  the  measurements  of  delay  time  reported  in  Section  A, 
photographs  were  taken  of  the  echo  amplitudes  from  the  specimens. 

The  amplitudes  of  the  first  three  echoes  were  used  to  compute  the 
attenuation  in  the  specimens  and  the  reflection  coefficient  between  the 
lead-in  wires  and  the  specimens.^)  The  attenuation  versus  temperature 
is  shown  in  Figs.  5  through  8.  It  will  be  noted  that  attenuation  is  not  a 
monotonic  function  of  temperature  in  the  Re  and  vV-25%  Re  run  in  these 
tests,  but  that  it  depends  on  the  heating  cycle  and  the  direction  of  tem¬ 
perature  change.  In  rhenium  (Fig.  5)  a  peak  of  variable  magnitude 
appears  near  1900C  (2175K).  The  level  of  0.  03  N/cm  is  reached  between 
1500C  and  1900C  on  different  runs.  Attenuation  coefficient  of  0.03  N/cm 
is  equivalent  to  6  dB  of  loss  in  one  round  trip  through  a  specimen  2  inches 
(5  cm)  long.  (Sample  lengths  in  our  tests  are  typically  2  inches  long. ) 

The  peak  at  1900C  does  not  appear  to  be  the  same  peak  observed  earlier.  ' 
The  earlier  data  extrapolated  to  160  kHz  would  predict  a  peak  near  2700K 
(2430C),  above  our  temperature  range.  The  present  peak  near  1900C  is 
probably  related  to  the  peak  (or  plateau)  near  2000-2 100C  reported 
earlier'^)  for  measurements  near  100  kHz.  Further  work  is  called  for. 

In  W-25%  Re  alloy  the  data  below  2000C  is  inconclusive,  but  above 
2000C  the  attenuation  definitely  rises  with  a  steep  slope  of  up  to  lx  10“^ 
N/cm-°C,  reaching  0.  03  N/cm  by  2300C. 

The  Ir-50  Rh  alloy  was  run  only  once,  not  cycled,  so  Fig.  8  is 
not  as  definitive  as  the  previous  curves.  The  level  of  0.  03  N/cm  is 
reached  on  a  steep  slope  at  160QC,  and  a  peak  may  be  present  at  1800C. 

A  plateau,  if  not  a  peak,  is  in  evidence. 

C,  Ferrite  Stub  Fixture 


To  facilitate  the  measurement  of  ultrasonic  attenuation  versus 
frequency  in  wires  it  would  be  advantageous  to  have  a  transducer  of 
variable  length.  The  transducer  length  is  defined  by  the  length  of  the 
magnetostrictive  wire  influenced  by  the  applied  magnetic  field.  This 
effective  length  defines  a  half -wavelength  at  the  center-frequency  of  the 
pulse  generated  by  the  transducer.  To  increase  the  length  of  the  trans¬ 
ducer,  the  magnetostrictive  wire  is  moved  further  into  the  solenoidal 
coil,  and  vice  versa.  The  effective  length  cannot  be  made  arbitrarily 
short,  however,  because  fringing  fields  follow  the  ferromagnetic  wire 
for  some  distance. 
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To  eliminate  this  problem  and  create  shorter,  variable-length 
transducers,  a  ferromagnetic  reluctance  loop  was  designed  and  con¬ 
structed  of  ferrite.  See  Fig.  9.  In  this  loop  the  magnetostrictive  wire 
fits  through  a  hole  in  a  disc  of  ferrite.  The  fringing  field  passes  out 
into  the  ferrite  instead  of  continuing  down  the  wire.  The  flux  is  brought 
around  through  other  ferrite  pieces  to  the  end  of  the  wire.  Thus,  the 
half-wavelength  region  in  the  wire  is  the  portion  between  the  end  of  the 
wire  and  the  ferrite  disc.  This  length  is  varied  by  positioning  the  ferrite 
plug  abutting  the  end  of  the  wire. 

Two  experiments  were  performed  to  establish  the  operating  limits 
and  characteristics  of  the  device.  First,  electrical  pulses  of  adjustable 
length  were  applied  to  the  coil  with  the  magnetostrictive  wire  inserted  a 
given  distance.  The  pulse  length  for  maximum  echo  amplitude  was  de¬ 
termined,  and  the  upper  and  lower  limiting  pulse  lengths  for  echo  dis¬ 
tortion  were  also  determined.  The  widths  of  the  central  half-cycle  of 
the  echoes  were  taken  as  representative  of  half  a  cycle  of  the  center 
frequency  of  the  echoes.  Thus  the  frequency  limits  of  the  system  for  a 
given  wire  insertion  distance  were  determined.  See  Fig.  10.  Operation 
was  obtained  from  60  to  400  kHz.  The  upper  limit  is  more  than  twice 
the  frequency  obtained  previously  with  fringing  coils. 

Second,  the  effective  bandwidth  of  the  device  was  found  by  an 
inverse  method.  Usually  the  transducer  length  is  held  constant  and  the 
loss  is  plotted  as  a  function  of  frequency.  In  the  inverse  method  used 
here,  the  frequency  of  an  rf  burst  was  held  constant  and  the  loss  was 
plotted  as  a  function  of  insertion  length.  See  Fig.  11.  Bandwidths  of 
over  45%  for  two  transductions  were  observed.  Operation  up  to  500  kHz 
was  possible  with  rf  bursts.  This  device  will  be  used  to  make  measure¬ 
ments  of  materials  properties  at  various  frequencies  versus  a  second 
variable  such  as  temperature. 

D.  Momentary  Contact  High- Temperature  Attenuation 
Measurement  Equipment  _ _ 

Both  shear  and  longitudinal  wave  attenuation  can  be  obtained  from 
momentary  contact  measurements  in  hot  bulk  specimens  using  pressure 
coupling.'^’  This  method  of  measuring  attenuation  depends  upon  the 
presence  of  a  buffer  rod  between  the  transducer  and  the  specimen.  The 
ultrasonic  wave  travel  time  in  the  buffer  rod  must  be  more  than  three 
times  that  in  the  specimen  to  permit  the  observation  of  two  reverberations 
in  the  specimen  as  well  as  the  first  echo  from  the  buffer/specimen  inter-  ... 
face.  Then  the  attenuation  and  the  reflection  coefficient  can  be  calculated. 


5 


Buffer  rods  to  fit  the  translation  mechanism  in  a  muffle  tube 
vacuum  furnace  have  been  built,  and  2  MHz  transducers  installed.  See 
Fig.  12.  These  will  permit  operation  at  2,  6,  and  10  MHz  in  overtone 
operation.  The  buffer  rod  with  a  slightly  convex  face  (actually  lapped 
out-of-flat  from  a  ground  surface)  contacts  one  face  of  the  specimen 
while  a  ring  support  contacts  the  opposite  face.  Thus  the  ultrasonic 
wave  encounters  a  steel/vacuum  interface  at  the  far  end  of  the  specimen. 

Preliminary  results  with  longitudinal  waves  in  52100  steel  are 
shown  in  Fig.  13.  A  single  specimen  was  run  from  room  temperature  to 
925C  in  steps.  At  each  increment  in  temperature  it  was  measured  at 
2,  6,  and  10  MHz.  The  data  show  the  pressure-dependent  magnetic 
ordering  at  the  Curie  temperature,  about  725C.  Just  below  the  Cu.‘ie 
temperature  there  is  an  absorption  peak  due  to  the  wave’ s  perturbing 
the  ordering.  Just  above,  this  absorption  disappears  because  no  order¬ 
ing  is  possible.  At  still  higher  temperatures,  grain  growth  probably 
occurs,  increasing  the  loss  due  to  grain  scattering. 

E.  Broadband  Transducer  Studies 


The  pressure  and  phase  profiles  in  the  field  of  a  plane-wave 
broadband  transducer  have  been  calculated.  Several  experiments 
utilizing  the  spectral  content  of  the  pulses  from  these  transducers 
have  also  been  performed.  These  calculations  and  experiments  have 
been  written  up  as  Technical  Memorandum  No.  6,  and  oral  presenta¬ 
tions  have  been  made  at  two  national  meetings  in  October.  A  copy  of 
the  memorandum  is  attached  as  Appendix  A.  It  constitutes  the  contents 
of  this  section  of  this  quarterly  report. 

F.  Focused  Transducer  Studies 


Focused  transducers  are  useful  in  two  areas:  (1)  detecting  small 
flaws  in  materials,  ar.d  (2)  applying  high  intensity  waves  over  small 
volumes.  Applications  range  from  inspecting  steel  billets  to  performing 
brain  surgery. 

Interesting  physical  problems  in  diffraction  theory  and  nonlinear 
acoustics  arise  during  focusing.  Smith  and  Beyer (^)  have  recently  in¬ 
vestigated  the  monofrequency  case,  observing  harmonic  generation  and 
field  distributions.  We  intend  to  pursue  the  broadband  focusing  problem. 

The  transducer  assembly  sketched  in  Fig.  14  was  built  with  an 
aluminum  buffer  rod  containing  a  spherical  depression  of  spherical 
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radius  1  inch.  A  Panametrics  VIP- 10  transducer  was  clamped  to  the 
opposite  end,  and  the  assembly  tested  in  a  water  tank.  The  target  was 
the  squared-off  end  of  a  wire  1  mm  (0.  040  inch)  in  diameter  The  focal 
point  of  the  assembly  was  found  by  manipulating  the  buffer  ro  o  the 
point  yielding  maximum  echo  amplitude  from  the  wire.  Then  «<  nlitude 
was  recorded  as  a  function  of  buffer  rod  position  in  x-y-z  coord  ites. 
Amplitude  plots  are  shown  in  Fig.  15.  The  sharpness  of  the  focus  is 
evident. 

G.  Flexural  Modulus  and  Decrement  Device  for 
Measuring  Plastics 

At  present,  the  standard  measurement  of  Young' s  modulus  of 
rigid  and  viscoelastic  plastics  is  usually  performed  on  tensile  testing 
machines. The  modulus  is  the  slope  of  the  stress- strain  curve,  at 
a  particular  strain.  Various  problems  arise  including  the  fact  that  the 
modulus  is  a  function  of  strain  and  strain  rate  in  this  test. 

Ultrasonic  measurements,  on  the  other  hand,  may  be  above  some 
relaxation  frequencies,  and  hence  yield  moduli  which  are  higher  than  the 
static  or  low-frequency  values.  Structural  designers  usually  want  zero- 
frequency  moduli,  for  cases  involving  static  (not  dynamic)  loads. 

We  have  considered  several  ways  to  measure  Young' s  modulus 
at  very  low  frequencies.  Analogs  to  the  torsion  pendulum  have  been 
explored.  A  balanced  resonator  concept  seems  promising.  The 
resonator  is  a  structure  similar  in  appearance  to  a  slice  through  an 
I-beam.  See  Fig.  16.  The  "web"  is  the  spring  element,  and  consists 
of  the  sample  to  be  tested.  The  "fianges"  are  two  elongated  masses 
into  which  the  ends  of  the  sample  are  clamped.  These  masses  are 
pivoted  at  their  centers  of  gravity  and  provide  the  inertial  element  in 
the  resonator.  The  resonator  is  set  into  motion  such  that  the  web 
element  flexes  as  a  leaf  spring,  and  the  masses  rotate  about  their 
pivots.  According  to  the  theory  of  the  bending  of  beams,  the  stiffness 
is  directly  proportional  to  Young' s  modulus  of  the  web  material.  vV ith 
large  masses  and  thin  webs,  the  frequency  of  operation  can  be  depressed 
below  1  Hz.  Thus  the  balanced  resonator  is  an  attractive  acoustic  ap¬ 
proach  to  the  low-frequency  measurement  problem  in  plastics. 

We  have  derived  the  equations  of  motion  of  the  structure  in 
Fig.  16: 
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Equation  (3)  is  the  torque  equation  for  the  masses  about  their  pivots. 
Equation  (4)  is  the  force  on  the  center  of  mass  of  one  mass.  Equation  (5) 
is  the  equation  for  flexural  motion  of  the  web  member.  Equation  (6)  is  a 
statement  that  the  center  of  mass  of  the  total  device  stays  fixed  in  space; 
the  web  moves  one  way  a  great  deal  while  the  masses  translate  slightly 
in  the  opposite  direction.  Equation  (6)  is  actually  the  integral  of  Eq.  (4). 
In  these  equations,  the  quantities  are  defined  as  follows: 

Y  s  Young*  s  modulus  of  spring  member  (web), 

1^  =  Geometrical  moment  of  inertia  of  web  cross  section 

y  =  displacement 

x  =  coordinate  along  web,  origin  at  center 
1  -  length  of  web  from  center  to  end  mass 

a  =  width  of  end  mass 

I^  =  Mechanical  moment  of  inertia  of  end  mass 
9  =  rotation  angle  of  end  mass 

rj  =  friction  coefficient 
m  =  mass  of  an  end  mass 
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y  =  displacement  of  center  of  end  mass 
P  =  mass  per  unit  length  of  web 
u  =  angular  frequency.  / 

The  solution^  to  Eq.  (5)  is 

y(x)  =  sinh  rx  +  cosh  rx  + 

+  B_  sin  rx  +  B.  cos  rx  (7) 

3  4 

where  r  is  given  by 

r  =  (|x  w2/'EIl)1/4  .  (8) 

Only  symmetrical  solutions  for  y(x)  are  desired,  so  the  odd  terms  are 
dropped,  and  Eq.  (7)  becomes 

y(x)  =  B2  cosh  rx  +  B^  cos  rx  .  (9) 

In  general  the  solution  to  Eqs.  (3)  through  (6)  is  separable,  so 

y  =  X(x)  T(t) 

=  X(x)  exp  (jut)  (10) 

with  sinusoidal  time  dependence  and  spatial  dependence 

X(x)  =  R_  c  osh  rx  +  B.  cos  rx  ,  (11) 


The  angle  9  is 

9 


dX  | 
dx 


(12) 


by  continuity  of  slope  at  the  ends  of  the  web.  This  implies  that  the 
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(13) 

(14) 

(15) 


Application  of  these  boundary  conditions  to  the  web  solution  in  Eq.  (1J) 
yields  two  equations, 

-YIj  (B2r2  cosh  ri  -  B4r2  cos  r i  ) 

-(YI^a/2)  (B2r3  sinh  ri  +  B4r3  sin  ri  ) 

2 

+  w  I2  (B?r  sinh  ri  -  B4r  sin  ri  ) 

-j  ur)  (B2r  sinh  ri  -  B4r  sin  ri  )  =  0  '16) 

and 

m  (B2  cosh  ri  +  B4  cos  ri  ) 

+(ma/2)  (B2  r  sinh  ri  -  B4r  sin  ri  ) 

+H  j  (B2/r)  sinh  ri  +  (B4/r)  sin  ri  j  =  0  .  (17) 

At  resonance,  the  hyperbolic  and  circular  components  of  the  di8' 
placement  will  be  in  definite  proportions,  so  B2  and  B4  are  related  by 

B2  =  g  B4  (18) 
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where  g  is  a  constant  which  can  be  evaluated  from  Eq.  (17)  as 


(mar/2  -  p./r)  sin  rl  -  m  cos  rl 
(mar/2  +  p/r)  sinh  ri  +  m  cosh  rf 


(19) 


Insertion  of  this  into  Eq.  (16)  yields 

-Yl^r  (g  cosh  rf  -  cos  ri  ) 

-(YIj  ar2/2)  (g  sinh  ri  +  sin  ri  ) 

2 

+W  I2  (g  sinh  ri  -  sin  ri  ) 

-ju>  V  (g  sinh  ri  -  sin  ri  )  =  0  .  (20) 


Equation  (20)  is  the  basic  equation  for  the  resonance  of  the  balanced 
resonator.  It  is  a  complex  transcendental  equation  involving  both  circular 
and  hyperbolic  functions.  Iteration  on  an  electronic  data  processing 
machine  seems  the  best  way  to  solve  for  the  resonance  frequency. 


A  computer  program  was  written  in  Fortran  IV  G  to  do  the  itera¬ 
tion  and  compute  the  resonance  frequency.  The  end  masses  were  assumed 
rectangular  of  density  pm,  width  a,  length  b,  and  thickness  c.  The  web 
was  generalized  to  the  case  of  a  symmetrical  laminated  sandwich  of  half¬ 
thickness  U2,  filler  half -thickness  Uj,  outer  layer  width  W2,  filler  width 
Wj,  and  corresponding  moduli  Y2  and  Yj  and  densities  pg  and  p  p  The 
parameters  Ip  !£,  Y,  and  p  are 


1 


‘  [(W1-W2>U13+W2  U23)A 


h  = 

Y  - 


Pm  abc  ^  +  b2)/12 


(W1  Yl-  W2  Y2>U12+W2  YZ  U22 
<W1-W2)U1Z+W2U22 


(21) 

(22) 

(23) 


M-  =  2  U1W1  Pl  +  2  (U2  -  Ux)  W2  p2 


(24) 
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The  program  input  is  data  on  densities,  moduli,  dimensions,  and 
damping.  The  output  is  resonant  frequency  as  a  function  of  any  one  of 
these  with  the  others  held  constant.  Curves  have  been  produced  of 
resonance  frequency  versus  some  of  the  more  important  variables  such 
as  web  thickness  (TWEB),  web  modulus  (YWEB),  and  mass  length  (LMASS). 
See  Figs.  17  through  19.  Basic  input  data  corresponded  to  Invar  end 
masses  33  cm  long,  5.7  cm  wide,  and  3.  1  cm  thick,  and  a  Lucite  web 
5.  0  cm  long,  1.  3  cm  wide,  and  0.  5  cm  thick.  A  structure  of  these 
dimensions  was  chosen  deliberately  to  accommodate  the  ASTM  standard 
plastic  tensile  specimens^®)  of  Types  I,  II,  and  III  for  sheet  and  plate 
material.  With  such  a  structure,  the  tensile  specimens  could  be  tested 
nondestructively  at  low  frequency  first,  then  pulled  to  destruction  in  the 
standard  manner. 

Examination  of  Figs.  17  through  19  will  indicate  that  the  resonant 
frequency  varies  with  the  reciprocal  of  the  length  of  the  end  mass,  with 
the  square  root  of  the  modulus,  and  with  the  3/2-power  of  the  web  thick¬ 
ness.  These  powers  are  approximate,  but  they  show  the  functional 
dependence  expected  from  the  balanced  resonator  configuration. 

A  working  model  is  being  constructed  to  verify  the  theory  and  to 
be  used  as  a  test  instrument  for  Young*  s  modulus  and  internal  friction 
in  plastics  at  low  frequencies. 

H.  Pulse -Echo- Overlap  System  for  Ultrasonic  Travel  Time 

An  apparatus  for  measuring  the  travel  time  (delay)  of  ultrasonic 
waves  in  specimens  by  the  pulse -echo-overlap  method(lO)has  been  con¬ 
structed  from  standard  electronic  components.  See  Fig.  20  for  a  block 
diagram  of  the  system.  The  principle  of  operation  is  as  follows:  Delay 
time  between  two  echoes  is  measured  by  setting  the  period  of  an  oscillator 
equal  to  the  travel  time  between  the  echoes  (by  adjusting  the  oscillator 
frequency).  The  oscillator  drives  the  x-axis  of  the  oscilloscope  on  which 
the  echoes  are  viewed.  The  echoes  are  overlapped  because  the  first 
occurs  on  one  sweep  and  the  second  occurs  on  the  next  sweep.  The  rest 
of  the  equipment  synchronizes  the  input  pulses  with  the  sweep  and  in¬ 
tensifies  the  echoes  of  interest.  If  rf  operation  is  desired,  a  pulsed  rf 
generator  is  interposed  between  pulser  #1  and  the  pulse  limiter.  The 
function  of  the  latter  is  to  limit  the  feedthrough  of  the  input  pulse  to  the 
oscilloscope  while  permitting  the  echoes  to  pass  thence. 

Figure  21  contains  oscilloscope  photographs  of  echoes  in  a  1-inch 
rhenium  sensor  on  the  end  of  a  tungsten  wire  transmission  line.  On  the 
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linear  sweep  three  echoes  are  intensified.  These  three  echoes  are 
overlapped  simultaneously  on  cycles  1,  2,  and  3  of  the  driven  sweep. 

The  delay  is  computed  from  the  accurately  counted  oscillator  frequency 
as  t  =  l/f,  and  the  attenuation  and  reflection  coefficients  may  be  found 
from  the  amplitudes  of  the  three  echoes.  For  any  individual  reading, 
the  precision  of  the  system  is  limited  to  roughly  l/lOO  of  the  period  of 
the  center  frequency  of  the  echoes  (or  to  1/100  of  the  period  of  the  fre¬ 
quency  of  an  rf  burst  when  used).  Accuracy  can  approach  5  ppm  in 
velocity.  Transit  time  accuracy  is  correspondingly  about  1  ns  at  10  MHz. 
By  averaging  many  readings,  even  greater  accuracy  has  been  achieved. 

I.  Computer  Programming 

A  program  for  computer- plotting  of  graphs  from  computer¬ 
generated  tables  of  results'*^'  has  been  adapted  for  use  in  our  modulus 
work.  This  computer  program  is  versatile,  being  able  to  plot  several 
curves  on  one  graph  with  different  symbols  using  coordinate  scale 
factors  either  fed  in  or  self- generated  from  the  tabulated  results. 

A  program  has  been  written  to  compute  moduli  from  ultrasonic 
delay  times  measured  versus  temperature.  This  program  incorporates 
corrections  for  thermal  expansion  and  utilizes  the  computer-plotting 
routine  mentioned  above.  Figures  1  through  4  are  examples  of  modulus 
data  plotted  automatically  on  the  computer. 

Another  computer  program  has  been  written  to  compute  the 
resonance  frequency  of  the  balanced  resonator  from  its  intrinsic  and 
extrinsic  variables.  This  program  includes  the  solution  of  a  complex 
transcendental  equation. 

A  computer  program,  written  earlier,  was  used  in  the  broad¬ 
band  transducer  field  analysis. 

IV.  PUBLICATIONS,  TALKS,  COURSES 

Our  course,  #2911,  Ultrasonics,  has  been  postponed  until  the 
spring  term  at  the  Northeastern  University  Extension  School.  Coopera¬ 
tive  teaching  will  be  carried  on  by  C.  A.  Carey,  K.  A.  Fowler,  L.  C. 
Lynnworth,  and  E.  P.  Papadakis. 

The  following  papers,  submitted  recently,  have  been  scheduled 
for  publication: 


13 


"Traveling  Wave  Reflection  Methods  for  Measuring  Ultrasonic 
Attenuation  in  Thin  Rods  and  Wires,"  E.  P.  Papadakis,  J.  Appl. 
Phys.  (Nov.  1970). 

"Effects  of  Input  Amplitude  Profile  Upon  Diffraction  Loss  and 
Phase  Change  in  a  Pulse-Echo  System,"  E.  P.  Papadakis, 

J.  Acoust.  Soc.  Am.  (Nov.  1970). 

"Elastic  Wave  Velocities  in  Various  Alloy  Strips,  "  E.  P.  Papadakis, 
Metallurgical  Transactions  (early  1971). 

"Ultrasonic  Waveguide  Effects  in  Inhomogeneous  Rods  of  Radial 
Symmetry,"  E.  P.  Papadakis,  J.  Acoust.  Soc.  Am.  (Feb.  1971). 

The  following  papers,  submitted  recently,  are  under  review  by 
technical  journals: 

"The  Role  of  Reaction  Rates  and  Cross-Linking  in  the  Growth  of 
the  Elastic  Moduli  in  Solidifying  Epoxy  Resins,"  E.  P.  Papadakis 
(to  J.  Appl.  Phys. ) 

"Nonuniform  Pressure  Device  for  Bonding  Thin  Slabs  to  Substrates," 
E.  P.  Papadakis  (to  Rev.  Sci.  Instr. ) 

The  following  talks  were  delivered  recently: 

L.  C.  Lynnworth  and  E.  P.  Papadakis,  "Ultrasonic  Thermometry,  " 
1970  Ultrasonics  Symposium  (IEEE  Group  on  Sonics  and  Ultra¬ 
sonics,  sponsor)  October  21,  1970  (Invited). 

E.  P.  Papadakis  and  K.  A.  Fowler,  "The  Radiation  Field  of 
Broadband  Transducers  and  Their  Temporal  and  Frequency 
Response,"  1970  Ultrasonics  Symposium  (IEEE  Group  on  Sonics 
and  Ultrasonics,  sponsor)  October  21,  1970. 

K.  A.  Fowler  and  E.  P.  Papadakis,  "Video  Pulse  Ceramic 
Transducers  for  Ultrasonic  Inspection  and  Measurements," 

1970  Fall  Conference  (ASNT,  sponsor)  October  21,  1970. 

K.  A.  Fowler,  "Acoustic  Emission  Transducers  and  an  Experi¬ 
mental  Method  of  Verifying  Their  Performance,"  Joint  Meeting 
of  the  Boston  Chapters  of  ASNT,  IEEE,  ANS,  ASM,  ASTM,  ASME, 
September  23,  1970  (Invited).  A  preprint  is  in  Appendix  B. 
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K.  A.  Fowler,  "An  Acoustic  Emission  Simulation  Test  Set,  "  The 
Acoustic  Emission  Working  Group,  Chicago,  November  12-13,  1970. 

V.  SUMMARY 

A.  New  Apparatus 

Three  new  pieces  of  apparatus  have  been  built  and  tested: 

(1)  Ferrite  stub  fixture  for  increasing  the  frequency  range  of  digital 
pulses  and  allowing  r.iultifrequency  operation  of  one  transducer:  (2) 
Pulse-Echo-Overlap  system  for  measuring  ultrasonic  wave  travel  time 
to  an  accuracy  of  5  ppm;  (3)  Focused  transducer  for  studying  ultrasonic 
lens  "optics"  and  testing  solid  objects  with  focused  energy. 

Two  other  new  pieces  of  apparatus  are  being  built  and  perfected: 

(4)  Buffer  rod  set  for  making  attenuation  measurements  in  hot  materials 
by  the  momentary  contact  method  using  pressure  coupling  of  both  longi¬ 
tudinal  and  shear  waves;  (5)  Balanced  resonator  for  making  low-frequency 
flexural  modulus  and  damping  measurements  on  plastics. 

B.  New  Measurements 


Young*  s  modulus  has  been  measured  in  Re,  W-25%  Ref  and 
Ir-50%  Rh  wires.  The  attenuation  of  extensional  waves  near  160  kHz 
was  also  measured  in  these  alloys.  Several  measurements  utilizing 
the  spectral  content  of  the  pulses  from  broadband  transducers  have  also 
been  performed. 

C.  Theory 

The  pressure  and  phase  profiles  in  the  radiation  field  of  a  plane- 
wave  broadband  transducer  have  been  computed.  We  derived  the  equa¬ 
tions  of  motion  of  the  balanced  resonator.  vVe  determined  the  resonance 
frequency  as  a  function  of  size,  densities,  and  moduli.  Such  a  resonator 
is  being  tested  for  low-frequency  flexural  modulus  measurements  in 
plastics. 

D.  Computer-Aided  Calculations 

Computer  programs  have  been  written  and/or  utilized  for 
(1)  Broadband  transducer  field  analysis, 
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(2)  Balanced  resonator  frequency  calculations, 

(3)  Modulus  calculations, 

(4)  Computer- plotting  of  graphs. 

E.  Communications 


The  new  course  on  ultrasonics  owes  much  of  its  subject  matter 
to  the  results  of  research  sponsored  by  the  ONR.  Several  papers  and 
talks  have  been  published  or  given,  or  are  scheduled. 
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Young*  s  modulus,  10  d/cm 


Fig,  3,  Young*  s  modulus  in  W-25  Re  alloy  sample  # 2 
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Fie.  7.  Attenuation  in  a  second  W-25  Re  wire  sample  cycled  several 
times  at  the  Ettglehard  Industries  thermocouple  calibration  facility. 
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Fig.  9.  Elevation  and  detail  of  ferrite  core  stub  transducer.  An  aluminum 
holder  A  on  a  baseplate  B  contains  a  ferrite  cylinder  FI  with  a  faceplate  F2 
and  a  sliding  plug  F3  pushed  by  a  micrometer  M  and  retracted  by  a  spring  S. 
The  end  of  the  plug  F3  is  a  ferrite  rod  F4  which  touches  the  end  of  the 
Remendur  transducer  wire  R  passing  through  F2  and  a  Teflon  bushing  T. 

The  path  of  the  magnetic  field  is  shown.  Fringing  fields  penetrating  far  into 
the  Remendur  are  minimized. 


A 


CENTER  FREQUENCY,  kHz 


Fig.  10.  Limits  on  center  frequency  of  ferrite  core  stub 
transducer  assembly  with  remendur  wire  extending  inside 
fixture  a  given  distance. 


LENGTH  IN  FIELD,  INCHES 


Fig.  11.  Effective  bandwidth  of  the  ferrite  core  stub 
transducer  assembly  using  remendur  wire.  The  abscissa 
is  plotted  in  the  units  of  half -wave length  with  frequency 
held  constant  instead  of  the  usual  abscissa  of  frequency 
with  transducer  length  held  constant. 
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Fig.  12.  Schematic  representation  of  buffer 
measurements  in  the  muffle  tube  vacuum  fur 
pressure  coupling  method. 
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Fig.  13.  The  attenuation  in  SAE  52100  steel  au  measured  by  the 
momentary  contact  method  with  pressure  coupling  of  longitudinal 
waves.  The  absorption  peak  due  to  magnetic  ordering  below  the 
Curie  temperature  is  evident. 
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Fig.  14.  Configuration  of  the  focusing  transducer  built  to  investigate  beam 
shapes  and  aberations. 


Fig.  16  Balanced  resonator  coniguration  consisting  of  two  pivoted  end  masses 
and  a  laminated  elastic  web.  Dimensions  as  well  as  moduli  Y  and  damping 
1  can  be  varied. 
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Fig.  17.  Frequency  of  the  balanced  resonator  versus  length  of  the  end  masses 
with  other  parameters  constant. 


Fig.  18.  Frequency  of  the  Dalanced  resonator  versus  modulus  of  the  web  with 
other  parameters  constant. 
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Fig.  20.  Pulse-echo-overlap  system  built  up  from  commercially  available 
equipment  for  laboratory  use. 
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Fig.  21  Top:  Three  echoes  intensified  for  the  pulse -echo-overlap  measure¬ 
ment  Bottom:  These  echoes  overlapped  by  driving  the  x-axis  of  the  oscilloscope 
v,ith  a  frequency  equal  to  the  reciprocal  of  the  travel  time  between  echoes. 
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In  many  applications  broadband  ultrasonic  transducers  capable 
of  producing  short  video  pulses  are  required.  Previously,  plane- 
wave  analysis  with  equivalent  circuits  has  proven  successful  in  predicting 
pulse  shape  in  the  time  and  frequency  domains.  The  present  approach 
is  to  recognize  that  piston  sources  radiate  nonplanar  waves,  and  that 
the  frequency  spectrum  of  a  broadband  piston  source  can  Ik-  measured 
experimentally.  With  the  spectrum  as  a  weighing  function  for  the  field 
profiles  of  a  monof reqxiency  piston  source,  a  superposition  is  performed 
to  find  the  pressure  and  phase  profiles  in  the  radiation  field  of  a  broad¬ 
band  transducer.  Experimental  measurements  are  presented  that  take 
advantage  of  the  broadband  pulse  technique  combined  with  spectrum 
analysis.  These  include  thickness  gaging  of  thin  materials  and  interface 
layers,  and  relative  viscosity  measurements. 


I.  INTRODUCTION 


The  ultrasonic  field  of  a  piston  source  many  wavelengths  in 
diameter  and  driven  with  a  single  frequency  is  well-known.  In 

a  plane  in  front  of  the  source  there  is  a  pressure  profile  and  a  phase 
profile.  These  profiles  change  with  distance  from  the  face  of  the  source 
to  infinity.  In  particular,  along  the  centerline  of  the  source  there  are 
maxima  and  zeroes  in  pressure  in  the  Fresnel  zone.  Beyond  the 

Fresnel  zone  the  pressure  drops  to  zero  inversely  with  distance. 


Although  narrow  band  ultrasonic  measurements  have  been  widely 
used  for  many  applications  such  as  the  determination  of  ultrasonic 
attenuation  and  velocity  as  functions  of  frequency  and  for  ultrasonic  flaw 
detection,  there  are  also  many  applications  which  either  require  or  are 
enhanced  by  broadband  pulsed  operation  of  ultrasonic  transducers.  These 
include  digital  storage  delay  lines,  ^  high- re  solution  nondestructive  flaw 
detection,  and  pulse-echo  spectrum  analysis. 


In  all  cases,  elastic  pulses  short  in  space  and  time  must  be 
generated,  propagated,  and  received.  Bandwidths  upward  of  40%  are 
required  to  make  the  pulse  duration  less  than  two  wavelengths  of  the 
center  frequency  of  the  pulse  spectrum.  Much  work  has  already  been 
published'®'  on  the  ultrasonic  pulse  problem.  Plane  wave  analysis  has 
been  used  in  this  previous  work.  The  present  paper  deals  with  the  theory 
of  pulse  propagation  as  a  single- aperture  diffr  action  problem,  utilizing  a 
weighted  superposition  of  the  fields  of  single-frequency  piston  sources^'2) 
at  various  frequencies  within  the  band.  New  pressure  and  phase  profiles 
are  calculated  for  broadband  operation.  From  these  profiles,  scattering 
factors  for  objects  of  various  sizes  and  shapes  could  be  calculated. 
Experiments  utilizing  broadband  transducers  for  physical  measurements 
and  nondestructive  testing  by  spectrum  analysis  are  reported. 


II.  THEORY 


If  the  piston  source  is  driven  by  a  spectrum  of  frequencies,  the 
on-axis  zeroes  of  pressure  disappear  and  become  minima.  With  increased 
bandwidth,  the  maxima  and  minima  become  more  nearly  equal,  the 
pressure  profiles  smooth  out,  and  the  phase  profiles  vary  less.  Figure  1 
shows  the  contrast  between  the  profiles  computed  for  a  monochromatic 
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transducer  and  a  broadband  transducer.  The  latter  computation  will  he 
described  below.  The  amplitude  and  phase  are  plotted  in  a  plane  at  the 
Y  ^  point.  This  is  defined^  ^  to  be  at  the  last  zero  along  the  axis  in  the 
Fresnel  zone  of  a  transducer.  There,  the  S- parameter^'  is  S  zX /a^  -  0.  S. 
The  pressure  of  the  monochromatic  wave  has  a  central  zero  while  the  phase 
fluctuates  rapidly.  On  the  other  hand,  the  pressure  in  the  broadband  pulse 
shows  no  zero.  Such  a  pressure  distribution  would  permit  the  detection  of 
small  flaws  along  the  axis,  while  the  narrow-band  pulse  might  not  detect 
them. 


The  method  of  obtaining  the  pressure  and  phase  in  the  broadband 
pulse  follows.  Let  the  pressure  of  a  monochromatic  transducer  be  ex¬ 
pressed  as 


p  =  C  ej<“t-kz-8> 


(1) 


where  the  phase  oot-kz  for  a  plane  wave  cancels,  leaving  the  phase  6 
relative  to  the  plane  wave.  Then  p,  C,  and  6  are  functions  of  S,  the  normal¬ 
ized  distance  along  the  axis  of  the  transducer,  and  of  x,  the  radial  distance 
from  the  axis.  They  are  implicitly  functions  of  frequency  f,  since 
S  =  z\  /a2  =  zv/a2f  is  a  function  of  f.  The  equation  fo~  p  reduces  t.o 

p(f)  =  C(f)  [(cos  6(f)  -  j  sin  6(f)  )]  (2) 

Introducing  a  spectral  density  function  B(f)  for  the  broadband  pulse, 

dp(f)  =  B(f)  C(f)  [cos  6(f)  -  j  sin  6(f)]  (3) 


Integrating,  one  finds 


P 


BC  (cos  6  -  j  sin  6)  df 


BC  cos  6  df  -  j  /  BC  sin  6  df 
'0 


(4) 
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This  may  be  equated  to 


p  =  A  (cos  e  -  j  sin  e  ) 


(5) 


with 


“1  1 


A  cos  e  =  /  BC  cos  6  df  =  A, 


and 


(6) 


■f 


A  sin  e  =  /  BC  sin  6  df  =  A^  . 


This  introduces  a  new  amplitude  A  and  an  effective  phase  e  for  the  broad¬ 
band  pulse,  where 


A  =  (A*  +  A22) 


1/2 


and 


(7) 


e  =  tan  1  (A^/A^)  . 


For  computational  purposes,  the  integrals  were  turned  into 
summations , 
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A.  =  /  B  C  cos  6 
1  *—•,  n  n  n 

n=l 


and 


n=  1 


(8) 


=  /  B  C  sin  6 
n  n  n 


For  the  calculation  of  the  profiles  the  quantity  S  was  defined  to  be  the 
value  of  S  at  the  center  frequency  f  of  the  spectral  distribution, 


S  =  zv/a  f 
c  c 


(9) 
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For  any  other  frequency  f,  the  equivalent  value  of  S  was 


S  -  S  f  /£  . 
c  c 


(10) 


Since  C  and  5  were  known  as  functions  of  S  and  x  from  previous  computa¬ 
tions,  ^  it  was  only  necessary  to  tabulate  C  and  6  in  the  approximate  order 
for  the  summations.  The  tabulation  is  given  in  Appendix  A. 

The  spectral  density  was  taken  from  the  spectrum  analysis  of  a 
real  echo  generated  and  received  by  a  broadband  transducer.  The  spectrum 
is  shown  in  Fig.  2.  Since  this  spectrum  represents  two  transductions,  the 
spectral  density  function  B(f)  was  taken  to  be  the  square  root  of  this  envelope. 
Then  it  was  scaled  for  various  bandwidths.  See  Appendix  B. 

A  program  was  written  to  do  the  summations  and  calculate  A 
and  e  ,  the  pressure  and  phase.  This  program  is  listed  in  Appendix  C. 

In  Fig.  3(a)  through  (h)  the  results  for  the  pressure  profiles  are  presented 
at  various  values  of  S  for  various  pulse  bandwidths.  The  cw  mono¬ 
chromatic  case  shows  zeroes  on  the  centerline  at  S  =0.  25  and  0.  50  as 

c  ( -  \ 

predicted  by  theory.  See  Fig.  3(b)  and  (d).  Sc  =  0.  50  is  the  Y  '  '  point. 

The  finite  bandwidths  do  not  have  zeroes.  Indeed,  above  80%  bandwidth 
the  field  is  fairly  flat  out  to  3/4  the  radius  of  the  transducer.  Complete 
results  are  in  Appendix  D. 

Figure  4  contains  a  plot  of  the  pressure  profiles  at  various 
distances  from  a  transducer  of  120%  bandwidth  for  double  transduction. 

The  pressure  in  the  near  field  is  relatively  smooth,  and  no  strong 
minima  appear  along  the  axis. 

In  Fig.  5,  the  relative  pressure  along  the  centerline  is  plotted  with 
bandwidth  as  a  parameter.  These  pressure  amplitudes  plotted  here 
represent  the  relative  amplitudes  as  a  function  of  path  and  do  not  represent 
the  degree  of  sensitivity  of  the  transducers  versus  bandwidth.  The  ratio 
of  the  heights  of  the  last  minimum  to  the  last  maximum  is  seen  to  increase 
with  bandwidth.  This  ratio,  plotted  in  Fig.  6,  is  suggested  as  one  figure 
of  merit  for  broadband  nondestructive  testing  transducers.  It  represents 
the  difference  in  amplitude  of  the  echoes  from  equal  flaws  at  different  depths, 
not  counting  attenuation  effects.  Note  that  not  much  more  field  uniformity  is 
gained  by  a  bandwidth  above  80%. 

Frequently,  transducers  are  used  for  immersed  testing.  Then 
part  of  the  path  is  in  water  and  part  in  solid  material.  Figure  7  contains 
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plots  ot  t!u‘  amplitude  along  tin*  centerline  in  the  solid  for  two  water  paths. 
One  might  want  to  work  in  the  region  of  increasing  amplitude  with  dis¬ 
tance  to  cancel  attenuation  effects  in  the  solid. 

Broadband  pulses  are  advantageous  for  flaw  detection  because  the 
acoustic  pressure  does  not  show  any  serious  minima,  because  they  are 
narrow  in  space  and  time  (permitting  high  depth  resolution),  and  because 
the  spectrum  contains  information  about  the  material  interrogated  or  the 
flaw  observed.  Increased  bandwidth  is  achieved  at  the  expense  of  sensi¬ 
tivity.  Provided  the  signal-to- noise  ratio  is  great  anou  1  ,  the  loss  in 
sensitivity  can  be  compensated  for  by  electronic  amplification. 

Concerning  resolution,  the  graph  in  Fig.  8  shows  the  predicted 
pulse  shape  of  an  echo  from  a  broadband  transducer  with  a  10  MHz 
piezoelectric  plate.  Sittig1  s  analysis' was  used  to  account  for  the 
mechanical  properties  of  the  backing  and  faceplate  materials  and  for  the 
electrical  terminations.  The  inset  in  this  figure  is  an  oscillogram  of 
an  echo  from  a  transducer  built  to  the  same  specifications.  The  details 
of  pulse  width  and  relative  amplitude  agree  exactly.  The  width  of  the 
first  half-cycle,  about  60  ns,  represents  a  round  trip  through  about 
0.  1  mm  of  a  metal. 


III.  EXPERIMENTAL 


A.  Thickness  Measurements  Utilizing  Broadband  Transducers  and 
Spectrum  Analysis 

A  broadband  interrogation  pulse  combined  with  spectrum  analysis 
permits  a  number  of  interesting  thickness  measurements  in  thin  materials. 
These  measurements  take  advantage  of  "impulse-induced  resonance""  effects 
which  result  when  a  thin  material  interacts  with  a  broadband  ultrasonic  pulse 
that  contains  frequency  components  corresponding  to  its  resonant  frequency. 
By  the  selective  time-domain  gating  of  pulses  reflected  or  transmitted  by 
the  thin  material  and  analysis  of  their  frequency  content  the  thickness  is 
readily  determined. 

For  the  case  of  a  half-wave  resonator,  i.  e.  ,  material  bound  or. 
both  sides  by  a  material  of  either  substantially  higher  or  lower  acoustic 
impedance,  the  thickness  (t)  is  related  to  the  fundamental  resonant 
frequency  (ff)  and  the  longitudinal  wave  velocity  (V^)  by: 


K.  A.  Fowler,  patent  applied  for. 
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The  frequency  f  is  determined  from  the  spectrum  of  the  "impulse-induced 
resonance"  signals  in  a  way  to  be  shown  below. 

The  advantages  of  this  method  of  thickness  measurement  are  that 
front  and  back  surface  echoes  from  very  thin  material  do  not  have  to  be 
resolved  and  the  percentage  error  in  the  measurement  holds  constant  as 
the  thickness  decreases,  whereas  in  conventional  thickness  gaging,  the 
absolute  magnitude  of  the  error  holds  constant  and  the  percentage  error 
increases. 

Figure  9  shows  oscillograms  of  a  broadband  ultrasonic  pulse  in 
water  reflected  from  a  thick  steel  sample,  and  the  frequency  spectrum  of 
th.-t  echo.  Figure  10(a)  shows  a  block  diagram  of  the  instrumentation  used 
for  making  impulse  induced  thickneus  measurements.  Also  shown  in 
Figs.  10(b)  and  (c)  are  the  sample  holder,  and  a  schematic  of  the  pulse- 
echo  signal  and  gate  timing,  respectively.  Figures  11(a)  through  (d) 
show  impulse  induced  resonance  signals  and  spectra  for  steel  samples 
of  several  thicknesses  in  the  range  of  0.  025  to  0.  008  in.  (0.  635  to  0.  203  mm). 

Tht5  0.  025  in.  (0.  635  mm)  thick  sample  reflects  a  resonance  signal 
containing  both  the  fundamental  and  second  harmonic  resonances.  This  is 
because  both  frequency  components  are  contained,  in  significant  amounts, 
in  the  broadband  pulse.  This  method  of  measurement  could  be  extended 
to  thicker  samples;  however,  it  is  desirable  to  have  the  fundamental 
resonant  frequency  fall  in  the  bandwidth  of  the  transducer  in  order  to 
avoid  misinterpretation  of  the  result. 

At  a  sample  thickness  of  0.  015  in.  (0.  381  mm)  the  second  harmonic 
frequency  peak  has  disappeared  because  it  is  almost  higher  than  the  useful 
bandwidth  of  the  transducer.  In  the  thickness  range  of  0.  015  to  0.  007  in. 

(0.  381  to  0.  178  mm)  only  the  fundamental  frequencies  appear.  As  the 
resonant  frequency  increases  above  8  MHz  the  impulse- induced  resonance 
amplitude  decreases,  reflecting  the  lower  output  of  these  frequencies  by 
the  transducer.  A  thickness  of  0.  007  in.  (0.  178  mm)  corresponding  to  : 
resonance  of  16.  1  MHz  represents  the  useful  limit  of  this  transducer.  It 
is  apparent,  then,  that  with  a  transducer  having  a  30  MHz  usable  bandwidth 
steel  thickness  as  small  as  0.  003  to  0.  004  in.  (0.  076  to  0.  102  mm)  could 
be  measured  with  considerable  accuracy. 

The  progressive  shift  in  resonant  frequency  with  decreasing  thick¬ 
ness,  together  with  the  computed  "ultrasonic"  thickness,  is  summarized 
in  the  following  table.  The  samples  used  were  from  a  standard  "feeler" 
gage. 
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TABLE  I 


Thickness  Determined  by  Ultrasonic  Spectroscopy 


Actual  Thickness 

Resonant  Frequency 

Ultrasonic 

Thickness 

0.  025  in. 

0.  63  5  mm 

4.  60  MHz 

0.  02  50  in. 

0.  635  mm 

.  020 

.  508 

5.  65 

.  0204 

.  518 

.018 

.  457 

6.  50 

.  0177 

.449 

.015 

.  381 

7.  65 

.  0150 

.  381 

.012 

.  305 

9.  55 

.  0120 

.  305 

.010 

.  254 

11.  40 

.  0101 

.  256 

.  009 

.  229 

12.  65 

.  0091 

.  231 

.  008 

.  203 

13.  95 

.  0082 

.  208 

.  007 

.  178 

16.  10 

.  0071 

.  180 

The  thickness  of  intermediate  layers  such  as  adhesive  or  liquid 
layers  may  be  measured  in  several  ways  based  on  the  principles  already 
described  and  demonstrated.  The  experimental  setup  shown  in  Fig.  12  was 
used  to  illustrate  intermediate  layer  thickness  measurement.  The 
spectrum  of  the  pulse  incident  on  the  intermediate  water  layer  was  nearly 
identical  to  that  shown  in  Fig.  9.  Spectra  of  the  gated  pulse-echo  signal 
for  four  gate  positions  are  shown  in  Fig.  13. 

Gate  position  A  includes  the  interface  echo  and  one  or  two  re¬ 
verberations  in  the  intermediate  water  layer.  The  spectrum  shows  two 
minima  not  occurring  in  the  spectrum  of  the  incident  pulse.  These  minima 
represent  the  loss  of  energy  at  these  frequencies  due  to  the  increased 
transmission  coefficient  of  the  layer  at  its  resonant  frequency.  With  the 
gate  in  position  B,  the  interface  echo  is  eliminated  and  the  impulse- 
induced  resonance  spectrum  is  displayed.  As  in  the  case  of  the  0.  025  in. 

(0.  635  mm)  thick  steel  both  the  fundamental  and  second  harmonic  frequency 
are  included  in  the  frequency  band  of  the  transducer.  Note  that  the  minima 
in  the  spectrum  with  the  gate  in  position  A  correspond  exactly  to  the  maxima 
with  the  gate  in  position  B. 

Gate  position  C  includes  pulse-echo  signal  2  which  is  the  second 
round  trip  in  the  fused  quartz.  This  pulse  which  has  now  undergone  two  reflections 
from  the  intjrmediate  layer  is  even  more  depleted  of  frequency  components 
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corresponding  to  the  resonant  frequency  of  the  layer.  Finally,  the  gate 
was  positioned  to  include  echo  3.  This  pulse  has  been  transmitted  by 
the  layer  to  the  aluminum  and  reflected  from  the  bottom  of  the  aluminum 
through  tile  layer  a  second  time  to  the  transducer.  This  pulse  is  now 
relatively  narrow  band,  rich  in  the  fundamental  and  second  harmonic 
frequency  qf  the  layer. 

It  is  clear  from  the  preceding  and  Fig.  13  that  the  thickness  of  a 
layer  may  be  determined  from  the  spectrum  of  a  broadband  pulse  reflected 
by  it  or  transmitted  through  it. 

B.  Relative  Viscosity  Measurement  in  Liquids 

It  is  well  known  that  the  attenuation  of  ultrasound  in  liquids  is 
related  to  the  viscosity.  In  the  classical  case,  the  attenuation  is  directly 
proportional  to  the  viscosity  and  the  square  of  the  frequency.  Using  a 
broadband  transducer  one  may  then  relate  the  spectral  content  of  pulse 
transmitted  through  a  fixed  liquid  path  to  the  viscosity  of  the  liquid. 

A  demonstration  of  this  type  of  measurement  was  made  using 
the  same  transducer  used  in  making  the  thickness  measurements  for  the 
sheet  steel  samples.  The  water  path  of  the  sample  holder  in  that  experi¬ 
ment  (see  Fig.  10b)  was  used  as  a  liquid  cell.  The  cell  was  filled  with 
liquids  of  various  viscosities  and  covered  with  a  fine  ground  quartz  block. 
The  spectral  content  of  the  pulse  reflected  from  the  quartz  block  was 
then  analyzed. 

In  Fig.  14(a)  through  (c)  the  influence  of  viscosity  on  the  spectrum 
of  the  reflected  pulse  is  illustrated.  The  spectral  output  of  the  transducer 
when  the  liquid  attenuation  is  negligible  is  shown  in  Fig.  9.  This  spectrum 
should  be  compared  with  those  in  Fig.  14.  The  amplitude  of  the  spectrum 
display  has  been  normalized  for  each  liquid  to  clearly  show  the  frequency 
dependence.  There  is,  in  addition  to  the  frequency  dependent  attenuation, 
a  substantial  drop  in  signal  amplitude  as  the  viscosity  increases. 

A  number  of  practical  applications  are  apparent  that  may  utilize 
this  principle.  For  example,  one  may  wish  to  monitor  the  progress  or 
rate  of  polymerization  of  material  in  a  vessel.  In  other  cases,  it  may 
be  necessary  to  know  when  the  interface  between  two  liquids  pumped 
through  the  same  pipe  reach  a  certain  point  in  the  line.  By  combining 
accurate  velocity  and  attenuation  measurements  it  is  possible  to  monitor 
these  changes  without  penetrating  the  system.  This  is  demonstrated  in 
Fig.  15  which  shows  the  spectra  of  pulses  transmitted  across  identical 
sections  of  pipe  containing  10%  and  40%  polystyrene  in  ethyl  benzene, 
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respectively.  The  1 0*’«  solution  has  a  viscosity  ol'  40  cps  while  the  40% 
solution  has  a  viscosity  of  10,  000  cps.  The  spectra,  which  were  again 
brought  to  the  same  display  amplitude  show  the  higher  order  harmonic 
overtones  of  the  pulse  reverberations  in  the  pipe  wall  It  will  be  noted 
that  in  the  pulse  transmitted  across  the  pipe  containing  the  higher  viscosity 
liquid,  the  higher  frequency  components  are  missing. 

In  practical  application  it  is  not  necessary  to  display  the  entire 
frequency  spectrum.  A  narrow  band  receiver  adjusted  for  an  appropriate 
frequency  peak  would  accomplish  the  objective.  Ideally,  both  the  attenu¬ 
ation  and  velocity  of  sound  through  the  liquid  would  be  measured. 

C.  Measurements  in  Attenuating  Materials 

Broadband  ultrasonic  transducers  may  be  used  to  advantage  for 
making  ultrasonic  measurements  in  highly  attenuating  materials.  '7a'  Al¬ 
though  this  subject  will  be  dealt  with  more  completely  in  a  subsequent 
paper,  the  salient  features  will  be  mentioned  here. 

As  illustrated  in  Fig.  14,  the  material  transmitting  the  ultrasonic 
pulse  acts  as  a  filter.  The  broadband  pulse  permits  the  material  to 
"choose"  the  frequencies  it  can  transmit  efficiently  as  long  as  those  fre¬ 
quencies  are  significant  in  the  output  of  the  transducer.  When  the  pulse 
is  received  there  is  no  ambiguity  about  which  cycle  to  use  in  order  to 
make  accurate  velocity  measurements  for  in  most  cases  only  one  cycle 
is  received.  Further,  the  spectrum  of  the  received  pulse  may  be  used 
to  determine  certain  factors  that  may  be  of  interest  from  the  standpoint 
of  quality  control  of  such  materials. 

IV.  SUMMARY 


In  summary,  we  have  computed  the  pressure  and  phase  profiles 
in  the  field  of  a  transducer  generating  a  broadband  pulse.  The  results 
show  that  the  pressure  is  free  from  zeroes  and  even  sharp  minima  if  the 
bandwidth  is  wide  enough.  We  have  also  computed  the  pulse  shape  to  be 
expected  from  transducers  of  various  damped  configurations.  These 
transducers  are  useful  because  of  the  uniformity  of  their  pressure  fields, 
the  short  duration  of  their  pulses,  and  the  information-carrying  capability 
of  their  broad  spectral  content.  Experiments  have  been  presented  that 
demonstrate  the  utility  of  broadband  pulse  techniques  for  physical 
measurements. 
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Fig.  1.  Pressure  and  phase  profiles  at  the  Yj  ’  point 
(Sq  =  0.  5)  for  a  broadband  pulse  and  a  mono¬ 
chromatic  burst  compared. 
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Fig.  2.  Spectrum  of  a  broadband  echo  used  to  determine 
the  spectral  density  function  for  the  computations. 


Fig.  3(c) 


Fig.  3(H) 


Fi#.  Pressure  profiles  fnr  various  band'  ifltbr,  at  nrvrral  valors 
of  S  . 


L 


i 


RELATIVE  AMPLITUDE 
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F'ig.  11  Reflected  Ultrasonic  Signal  and  Corresponding  Frequency 
Spectrum  for  Steel  Sheet  Samples  of  Several  Thicknesses. 


TRANSDUCER 


Tig.  12  Experimental  Arrangement  fo r  Demonstrating  Thickness 

Measurement  of  an  Intermediate  Layer  of  Low  Acoustic  Impedance. 


■-■’Kve&i 


,1  .  J  >'V\  Vl»*'  »»tetCy  .Si  In 
( >ii 

|  uni’  1  luiu.i  i  n 
i*.  '  i *  >h  i  '  •  i i . 

/  <  q  unit  y  J >«*n I'iiii 
I .  i  ht  ii  f  S*  i*  I » 

<>  Mfl*  (  <  ui»  i  I*' r «‘i| Ur im  y 
|<HJ  KM/-  Laud  width 
I  MMz/ifiv 


b,  Mt-dium  Vi#<  */«it  y  Si  lit  '«*nt* 
(ill 

'/  line  Domain 
0.  *i  (i oi'i1  / t  in 

Frequent  y  Domain 

tiil MU*  il»  U. 


c.  Glycerine 

Time  Domain 
0.  2  nsec/cm 
Frequency  Domain 
same  as  a. 
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Tabulation  of  Pressure  and  Phase  as  Function* 
of  S  and  a  fur  Various  Values  of  S 
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ABSTRACT 


The  generic  types  of  transducers  useful  in  acoustic  emission 
monitoring  are  reviewed.  The  basic  modes  of  ultrasonic  wave 
propagation  and  the  interrelationships  between  structure  geometry, 
propagation  mode,  material  and  transducer  on  the  apparent  form  of 
acoustic  emission  signals  are  considered.  An  experimental  method 
of  comparing  transducers,  and  determining  the  parameters  that  must 
be  considered  in  the  design  of  practical  acoustic  emission  monitoring 
systems  are  proposed. 
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I.  INTRODUCTION 


Burst-type  acoustic  emissions,  which  are  produced  in  a  material 
undergoing  micro- failure  due  to  crack  propagation,  certain  forms  of  de¬ 
formation  processes  such  as  twining  or  some  types  of  solid  state  phase 
transformations,  vary  widely  in  energy.  Some  acoustic  emissions, 
notably  those  associated  with  micro- failure  processes  in  mild  steels, 
are  of  considerable  practical  interest  but  are  also  of  very  low  energy. 

To  monitor  these  emissions,  high  sensitivity  transducers  combined  with 
high-gain,  low-noise  preamplifiers,  must  be  used.  With  good  quality 
transducers  operating  at  a  frequency  of  100  kHz  voltage  gains  of  100,  000 
or  100  dB  to  bring  acoustic  emission  signals  to  an  amplitude  of  one  volt 
are  not  uncommon.  The  noise  level  of  the  best  preamplifiers  commonly 
available  is  about  5  p  V  peak- to- peak  referenced  to  input.  This  means  that  at 
a  gain  of  100,000  the  signal-to-noise  level  is  typically  2  to  1.  Clearly, 
this  margin  demands  care  in  the  selection  and  employment  of  transducers. 

Today  a  variety  of  piezoelectric,  ferroelectric,  and  magneto- 
strictive  materials  are  available  which,  when  properly  fabricated,  make 
excellent  high- sensitivity  acoustic  emis  sion  transducers .  These  mate¬ 
rials  include  lead- zirconate-titanates ,  commonly  known  as  PZT,  lead- 
metaniobate,  lithium  niobate,  nickel- based  magnetostrictive  alloys  and 
several  other  materials  less  widely  known. 

The  lead- zirconate-titanates  are  probably  the  most  widely  used 
transducer  material  in  acoustic  emission  work.  They  combine  high 
sensitivity  with  low  cost  but,  with  a  curie  temperature  of  320-365C,  are 
limited  with  respect  to  high-temperature  capabilities.  For  this  reason 
lead  metaniobate  with  a  curie  point  of  550C  and  lithium  niobate  with  the 
highest  curie  temperature  presently  available  of  12 10C  have  been  receiving 
increasing  attention  as  potential  acoustic  emission  transducers  for  high 
temperature  service.  Bonding  of  these  transducers  for  high- temperature 
operation  is  a  difficult  problem  and  although  some  progress  is  being  made 
in  th  area  it  appears  that  it  will  be  some  time  before  a  reliable  acoustic 
emission  transducer  is  commercially  available  that  utilizes  the  high- 
temperature  capabilities  of  these  materials.  In  the  meantime,  other 
solutions  to  the  high- temperature  problem  are  being  sought.  For  ex¬ 
ample,  wire  waveguides  can  be  used  to  carry  the  acoustic  emission 
energy  from  a  component  at  high  temperature  or  under  other  adverse 
environment  to  a  magnetostrictive  or  piezoelectric  transducer  up  to  30  ft 
away.  Because  the  mechanical  impedance  mismatch  between  the  wire 
waveguide  and  more  massive  structures  is  quite  large,  this  type  of 
transducer  is  presently  about  a  factor  of  five  less  sensitive  than  the 
best  piezoelectric  transducers.  Other  alternatives  to  the  high- temperature 
problem  include  buf?er  rods  either  welded  or  pressure  coupled  to  the  com¬ 
ponent  under  test. 
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II.  FACTORS  INFLUENCING  TRANSDUCER  SELECTION 


Perhaps  more  important  than  the  selection  of  the  transducer 
material,  at  least  in  many  applications,  is  selecting  the  proper  cut 
and/or  mounting  of  the  transducer  element.  The  apparent  sensitivity 
of  a  given  transducer  material  to  acoustic  emissions  is  quite  depen¬ 
dent  on: 

1.  The  cut,  packaging  (housing),  and  mounting. 

2.  The  dominant  modes  of  propagation  at  the  point  of  measurement. 

3.  The  frequency  content  of  the  emission  and  of  any  background 
noise  at  the  point  of  measurement. 

A.  Modes  of  Propagation 

A  variety  of  propagation  modes  may  be  present  in  a  structural 
component  transmitting  acoustic  emissions.  The  most  common  basic 
propagation  modes  are  shown  in  Fig.  1.  Figure  la  illustrates  a  longi¬ 
tudinal  wave  in  which  the  particle  displacement  is  back  and  forth  in 
the  direction  of  propagation.  The  longitudinal  wave  can  be  transmitted 
through  solids,  liquids  and  gases;  in  solids  it  travels  with  the  highest 
velocity.  In  the  common  structural  metals  longitudinal  waves  travel  at 
speeds  of  about  0.  25  in.  /(is.  The  shear  wave  shown  in  Fig.  lb  is  char¬ 
acterized  by  particle  motion  up  and  down  at  right  angles  to  the  direction 
of  travel.  Because  liquids  and  gases  do  not,  in  general,  support  shear 
forces,  the  shear  wave  is  transmitted  only  in  solids  and  with  a  velocity 
approximately  0.  6  times  the  longitudinal  wave  velocity  in  the  same 
material.  Surface  or  Rayleigh  waves,  as  their  names  imply,  travel 
along  the  surface  of  the  solid  material  with  a  velocity  equal  to  about 
half  the  longitudinal  wave  velocity.  The  particle  motion,  as  indicated 
in  Fig.  lc,  is  elliptical  and  a  maximum  of  the  surface.  The  effective 
depth  of  penetration  of  a  surface  wave  is  normally  considered  to  be  about 
one  wavelength.  This  wave  is  readily  damped  or  attenuated  by  surface 
films,  liquids  or  other  materials  in  contact  with  the  surface.  In  thin 
sheet  or  plate  materials  Lamb  or  plate  waves  may  be  encountered.  Both 
symmetric  and  asymmetric  forms  are  allowed  and  particle  motion  may 
be  quite  complex  as  shown  in  Fig.  Id.  The  velocity  of  these  waves  is 
dispersive;  that  is  to  say,  dependent  on  frequency  and  thickness,  and 
may  vary  over  a  wide  range.  Like  the  surface  wave  they  are  readily 
damped  by  boundary  materials.  Another  wave  type  that  should  be 
mentioned  is  the  extensional  wave.  This  is  the  wave  utilized  in  the 
wire-type  waveguide  transducer  and  is  quite  similar  to  a  longitudinal 
wave. 
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The  acoustic  emission  source  is  usually  small  enough  to  be 
thought  of  as  a  point  source  and  the  emission  itself  is  generally  con¬ 
sidered  to  be  a  step  function  containing  frequency  components  as  high 
as  a  few  Mllz  at  least. 

In  general,  the  emission  after  leaving  the  source  may  reflect 
from  the  surface  of  the  structure  a  number  of  times  before  being 
detected  by  the  transducer.  This  causes  conversions  or  transforma¬ 
tions  from  one  type  of  wave  to  another  which  result  in  distortion  of 
the  original  p  Ise  and  a  spreading  out  of  the  energy  in  the  time  domain 
due  to  the  various  travel  paths  and  changes  in  velocity  assumed  by  the 
emission  in  arriving  at  the  receiving  transducer.  Therefore,  the 
dominant  modes  of  propagation  and  the  apparent  frequency  content  of 
the  burst  as  well  as  its  apparent  amplitude  may  depend  on  such  factors 
as : 

1.  Distance  traveled  by  the  pulse  from  the  emission  source, 

2.  Dimensions  and  shape  of  the  transmitting  members. 

3.  Attenuation  characteristics  of  the  transmitting  material. 

In  many  cases  several  modes  are  propagating  simultaneously  and  the 
pulse  travels  with  an  apparent  velocity  approaching  the  shear  wave 
velocity  in  the  material. 

B.  Characteristics  of  Transducers 

Figure  2  illustrates,  schematically,  several  types  of  transducer 
elements  that  have  been  used  successfully  as  acoustic  emission  receivers. 

The  compressional  or  longitudinal  mode  transducer  in  Fig.  2a  is  essentially 
omnidirectional.  A  special  form  of  the  compressional  mode  transducer  is 
the  differential  type  reported  by  Dunegan  et  al.*  as  being  useful  under  con¬ 
ditions  of  high  electrical  noise.  By  splitting  the  basic  transducer  element 
and  reassembling  with  one  side  upside  down  such  that  the  poling  directions 
are  opposite  the  same  emission  will  cause  voltage  outputs  of  opposite 
polarity  from  the  two  segments.  When  the  leads  attached  to  the  tops  of 
the  segment  are  connected  to  a  differential  amplifier  the  two  signals  are 
added  algebraically  and  the  electrical  noise  is  canceled  by  the  common 
mode  rejection. 

A  directional  transducer  can  be  achieved  by  using  a  thickness  shear 
cut  of  the  type  shown  in  Fig.  2c.  The  sensitivity  to  emission  sources  in 
line  with  the  direction  of  poling  can  be  more  than  three  times  greater  than 
at  right  angles  to  it.  A  variety  of  cross-coupled  mode  transducer  elements 
are  possible  some  of  which  can  be  quite  small  in  comparison  to  the  wavelength 
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of  their  resonant  frequency.  The  extensional  waveguide  transducer,  as 
mentioned  previously,  is  attractive  for  high- temperature  applications. 

The  end  of  the  wire  is  simply  welded  or  brazed  to  the  component  to  in¬ 
sure  maximum  coupling.  Present  experience  with  this  type  of  transducer 
indicates  that  sensitivity  under  some  conditions  can  be  increased  by 
adjusting  the  angle  at  which  the  wire  intercepts  the  surface.  This,  in 
effect,  maximizes  the  resolved  component  of  the  displacement  in  the  axis 
of  the  wire.  The  transducer  at  the  other  end  may  be  either  magneto- 
strictive  or  piezoelectric.  Magnetostrictive  transducers  using  anodized 
aluminum  wire  will  operate  reliably  at  temperatures  in  excess  of  1000F. 

Figure  3  shows  examples  of  actual  transducers  of  several  types 
together  with  a  preamplifier.  In  practice,  the  preamplifier  should  be 
located  as  close  to  the  transducer  as  possible.  This  reduces  signal 
attenuation  and  noise  pickup. 

C.  Transducer  Bandwidth 

The  acoustic  emission  pulse,  which,  as  we  have  already  noted, 
may  itself  undergo  considerable  distortion,  is  rarely,  if  ever,  faith¬ 
fully  reproduced  by  the  transducer.  In  order  to  achieve  maximum 
sensitivity  and  signal- to-noise  ratio,  acoustic  emission  transducers 
are  often  designed  to  operate  at  their  resonant  frequency.  Therefore, 
the  frequency  spectrum  of  the  pulse  is  modified  by  the  bandpass  char¬ 
acteristics  of  the  transducer  and/or  preamplifiers.  The  bandwidth  of 
the  transducer,  around  its  resonant  frequency,  may  be  controlled  some¬ 
what,  as  indicated  in  Fig.  4.  If  a  free  transducer  element  is  struck  by 
a  mechanical  impulse,  it  will  ring  at  its  resonant  frequency.  The 
duration  of  the  ringing  depends  primarily  on  the  mechanical  Q  of  the 
transducer  material.  Under  this  condition  the  transducer  will  display 
quite  a  narrow  bandwidth.  In  order  to  utilize  a  transducer  element  as 
an  acoustic  emission  receiver,  it  must  be  mounted  directly  on  the  test 
part  or  in  a  housing  and  then  on  the  part.  In  either  case  the  transducer 
element  is  partially  damped  by  virtue  of  the  fact  that  part  of  the  pulse 
energy  is  retransmitted  into  the  part  and/or  backing  member.  The 
effect  of  this  is  an  increased  bandwidth.  By  matching  the  transducer 
with  a  backing  critical  damping  is  possible  along  with  a  further  increase 
in  bandwidth. 

A  second  way  to  achieve  flat  response  over  a  range  of  frequencies 
is  to  make  the  transducer  resonant  frequency  much  higher  than  the  fre¬ 
quencies  to  be  monitored.  In  general,  however,  increased  bandwidth  is 
achieved  only  at  a  sacrifice  in  sensitivity.  Although  some  attempt  at 
frequency  analysis  of  acoustic  emissions  has  been  made  in  order  to  infer 
the  nature  of  the  emitting  source,  it  now  appears  that  frequency  analysis 
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hap  1  ’ tt merit  in  most  practical  applications  in  view  of  the  factors  that 
have  \lready  been  discussed  which  modify  the  frequency  information. 

The  exception  to  this  is  in  the  specialized  area  of  acoustic  emission 
that  is  better  referred  to  as  "signature  analysis,"  Here  one  may  be 
interested  in  the  sound  energy  spectra  of  a  motor  or  gear  train  where 
sound  levels  are  much  higher  than  in  the  acoustic  emission  associated 
with  micro- failure,  and  true  broadband  techniques  are  readily  adopted. 

III.  EXPERIMENTAL  METHOD  OF  VERIFICATION  -  "THE 
ACOUSTIC  EMISSION  SIMULATION  TEST  SET" 

Assume  now  that  one  is  confronted  with  a  structure  that  is  to  be 
monitored  by  acoustic  emission  techniques.  How  does  the  user  determine 
the  best  transducer  for  the  job  taking  into  account: 

1.  The  structure  geometry? 

2.  The  attenuation  of  the  structure  material? 

3.  The  background  or  machine  noise? 

4.  Distance  and  direction  from  transducer  to  the  anticipated 
emission  source? 

Further,  how  does  the  user  insure  that  all  transducers  are  working 
properly  and  well  bonded  to  the  structure?  How  does  he  determine  that 
material  attenuation  is  within  acceptable  limits  at  the  frequency  to  be 
monitored?  How  does  he  verify  that  triangulation  equipment,  if  used, 
is  working  proper!.;  °  Finally,  during  long  tests,  how  does  he  insure 
that  degradation  of  the  system  has  not  occurred? 

One  answer  to  these  questions  is  to  employ  a  controlled  simulated 
emission  source.  The  desirable  characteristics  of  such  a  s.ource  are: 

1.  Repetitive  sound  source  (constant  repetition  rate). 

2.  Point  sound  source. 

3.  Controlled  short  broadband  pulse  with  center  frequency  approxi¬ 
mately  equal  to  the  resonant  frequency  of  the  transducer. 

4.  Suitable  for  all  transducer  types. 

5.  Sound  source  can  be  either  permanently  or  temporarily  coupled 
to  structure. 

6.  Means  of  evaluating  pulse  distortion  by  the  structure. 

7.  Not  limited  bv  temperature  or  radiation. 
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A  proposed  sound  source  is  shown  in  Fig.  5.  A  current  pulse 
generator  is  connected  to  a  wire-type  waveguide  transducer  which  now 
functions  as  a  transmitter  of  ultrasonic  pulses.  The  repetition  rate  of 
the  pulse  generator  is  normally  60  Hz.  Pulse  amplitude  and  waveform 
can  be  measured  directly  by  observing  the  echo  of  the  ultra  sonic  pulse 
reflected  from  the  end  of  the  wire  prior  to  coupling.  The  ultrasonic 
pulse  has  a  duration  of  one  to  two  cycles  and,  therefore,  is  quite 
broadband  and  of  known  waveform  and  amplitude  when  transmitted  into 
the  structure.  The  amplitude  is  controlled  by  adjusting  the  amplitude 
of  the  excitation  pulse  and  the  center  frequency  of  the  pulse  may  be  ad¬ 
justed  within  the  range  of  about  30  kHz  to  1  MHz  by  the  selection  of 
transducer  and  pulse  width. 

The  use  of  an  "acoustic  emission  simulation  test  set"  is  demon¬ 
strated  in  Fig.  6.  The  set  shown  is  designed  for  operation  at  a  center 
frequency  of  100  kHz,  a  frequency  commonly  used  in  acoustic  emission 
monitoring  systems.  The  ultrasonic  pulse  may  be  coupled  into  the 
structure  simply  by  pressing  the  wire  against  the  structure  or  for  more 
permanent  installations  the  wire  may  be  brazed  or  tack  welded  to  the 
surface. 

Suppose  the  locations  of  an  anticipated  sound  source  and  receiver 
transducer  have  been  determined  for  a  real  or  simulated  structure.  The 
preferred  type  of  receiver  transducer  can  be  selected  by  monitoring  the 
sound  pulses  transmitted  by  a  thin  wire  probe  placed  at  the  probable 
source  of  emissions.  The  influence  of  path  length  between  receiver  and 
sound  source  can  be  rapidly  and  accurately  determined  by  moving  the 
acoustic  emission  "source"  probe  with  respect  to  the  receiver  and  the 
apparent  material  attenuation  can  be  readily  evaluated  at  the  frequency 
being  used  for  the  tests. 

If  background  machine  noise  is  present  the  signal- to-noise  ratio 
may  be  measured  for  different  receiver  frequencies  and/or  transducer 
types.  Multiple  transducer  arrays  may  be  checked  for  uniformity  of 
response  by  monitoring  the  pulses  transmitted  by  the  emission  probe. 
The  accuracy  of  source  location  computation  by  triangulation  techniques 
can  be  verified  with  the  probe.  Finally,  the  performance  of  the  acoustic 
emission  system  during  extended  tests  can  be  checked  periodically  with 
the  acoustic  emission  simulation  test  set. 

Reference 

1.  H.  L.  Dunegan,  A.  E.  Brown  and  P.  L.  Krauss,  Piezoelectric 
Transducers  for  Acoustic  Emission  Measurements,  UCRL- 50553, 
Lawrence  Radiation  Laboratory,  University  of  California, 

Livermore  (Dec.  13,  1968). 
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Compress  ional 

Primarily -sensitive  to  displacements 
normal  to  tiie  surface 


Differential  compressional 
Useful  in  high  electrical  noise 
environme  nts 


Thickness  shear 
(Directional) 

Primarily  sensitive  to  displacements 
parallel  to  the  surface 


Cross-coupled 

(Directional) 


W  aveguide 
Extensional  wave 
magnetostrictive 
or 

piezoelectric 

Useful  for  high  temperature  or 
nuclear  radiation 

Useful  for  Acoustic  Emission 


1.  Acoustic  Emission  Preamplifier. 

2.  Acoustic  Emission  Transducer,  compression^,  housed 
and  shielded,  mode  transducer  resonant  at  ~100  kHz. 

3.  Acoustic  Emission  Transducer,  housed  and  shielded, 
directional  shear  wave,  resonant  at  ~100  kHz. 

4.  Acoustic  Emission  Transducer,  high  sensitivity  transducer 
element  with  leads ,  cable,  and  BNC  connector,  resonant 
at  ~100  kHz. 

5.  Acoustic  Emission  Transducer,  High-Frequency, 
directional,  shear  mode  transducer  element  with  leads 
attached,  resonant  at  ~1  MHz. 

6.  Acoustic  Emission  Transducer,  High  sensitivity 
magnetostrictive  transducer  including  wire  waveguide 
that  carries  emissions  from  high  temperature  or 
radiation  environments  or  other  remote  locations. 

Wire  line  useful  to  1000C.  Broadband  response  centered 
at  100  kHz.  Patent  pending. 
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|  Fig.  3.  Examples  of  Acoustic  Emission  Transducers  and  Preamplifiers 


Fig.  5.  Block  Diagram  of  "Acoustic  Emission  Simulation  Test  Set" 


Fig.  6.  Demonstration  of  the  Use  of  the  Acoustic  Emission  Simulation  Test  Set 


